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A B S T R A C T
The role of boron in conferring the grain boundary character in a new polycrystalline superalloy suit-
able for power generation applications is considered. One boron-free and three boron-containing variants
are studied using a suite of high resolution characterisation techniques including atom probe tomogra-
phy (APT), high resolution secondary ion mass spectroscopy (SIMS) and transmission electron microscopy
(TEM). The primary effect of boron addition is the suppression of Cr-rich M23C6 carbide and the forma-
tion instead of the Cr-rich M5B3 boride. The SIMS analysis indicates that the boride particles are distributed
fairly uniformly along the grain boundaries, of length up to 500 nm along the grain boundary. The sub-
stantial majority of the boron added resides in the form of these M5B3 borides; some boron segregation
is found at the γ′/M5B3 interfaces but interfaces of other forms – such as γ/γ′, γ/M5B3, γ/MC and γ′/MC –
show no signiﬁcant segregation. Creep testing indicates that the optimum boron content in this alloy is
0.05 at.%.
© 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Boron is added to the nickel-based superalloys, in small quan-
tities and has the signiﬁcant effect of improving the mechanical
properties of these materials, in particular creep performance [1–3].
But why? The received wisdom is that boron acts a grain bounda-
ry strengthening element; it is well known that it prefers to reside
at the grain boundaries on account of its different atomic size and
electronic properties [4,5]. But one cannot be satisﬁed with this ex-
planation. Some important questions exist concerning this so-
called boron effect, which deserve consideration.
For instance, in what state does boron reside at the grain bound-
aries? As elemental segregation or as a second phase? If the latter,
which phase is prevalent? Howmuch boron is necessary to impart
optimised performance, and why? How do the properties vary
around the optimum concentration? What happens if the boron is
removed entirely? Moreover, these alloys contain a number of dif-
ferent phases other than thematrix γ – for instance the strengthening
phase γ′ as well as carbides as such MC and M23C6 which can also
lie on the grain boundaries. Therefore, at which of the different in-
terfaces is boron preferentially located?
Answers to these questions are needed to promote fundamen-
tal understanding of the boron effect. The principal overarching issue
is one of better characterisation; systematic experimentation at high
resolution is required. Here, complementary analytical techniques
– speciﬁcally atom probe tomography, transmission electron mi-
croscopy and high resolution secondary ion mass spectroscopy –
are used to study the boron distribution in a new experimental single
crystal superalloy [6]. Using four variants – including one which is
boron free – has provided new insights to begin to resolve some
of the issues identiﬁed above.
2. Background
The role of boron in superalloy metallurgy is contentious. Various
conﬂicting reasons have been put forward for its beneﬁcial effects.
Among them, the most popular include an increase in boundary
strength and cohesivity [7,8]. For instance, Briant andMessmer [9,10]
have emphasised the effect of chemical bonding on grain bound-
ary embrittlement; thus when an impurity element resides at the
grain boundary, it can be expected to alter locally the chemical
bonding on the basis of a differing electronegativity. Such effects
will draw charge from the metal atoms onto the impurity, and as
a consequence less charge is available to participate in the local
metal–metal bonding. Thus embrittlement occurs. Elements such
boron do not draw charge from the metal atoms but rather form
covalent bonds, and hence cohesion might be increased at grain
boundaries. In general, the more electronegative the impurity
element with respect to the metal solvent, the greater the amount
of embrittlement expected [9,10].
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Boron has also been implicated in microstructural modiﬁca-
tions of grain boundary character. For example, it has been proposed
that minor additions of boron are advantageous to creep life and
creep ductility by decreasing the agglomeration of M23C6 at the grain
boundaries during protracted loading at temperature [7,11–14]. It
has been proposed that continuous layers of M23C6 along the grain
boundaries serves as a crack initiation site, presumably on the basis
of the brittleness of this phase. It has been argued that boron may
play a role in the transfer of slip from one plastically deforming grain
to neighbouring ones, but without substantive proof [15]. In addi-
tion, boron has been found to segregate to the γ/γ′ interface at grain
boundaries, presumably due to its size and its low solubility in those
phases [16]. Moreover, it can combine with elements such as chro-
mium or molybdenum to form borides; however their precise
composition and crystallography remain in doubt [7,17].
Moreover, it has been suggested that any strong interaction
between boron atoms and dislocation cores might impede dislo-
cationmotion and hence increase resistance to fatigue cracking [18].
Indeed, a mechanism by which the grain boundary dislocation
motion is encouraged by boron has been proposed [19]. It is well
known that grain boundaries serve as obstacles to dislocationmove-
ment, creating dislocation pileups in the vicinity of grain boundaries.
This results in strain concentration, initiation of micro-cracks and
eventually to premature failure. Therefore, it has been suggested
that some elements, for instance boron, may not improve the
strength of the material, but on the contrary, soften it by facilitat-
ing grain boundary dislocation movement. Finally, it has been
claimed that the segregation of boron may ﬁll vacancies at grain
boundaries, thus decreasing the grain boundary diffusivity. It is
known that at high temperatures and low stresses cracks initiate
at the boundaries due to diffusional phenomena [20]. As a conse-
quence, as the grain boundary diffusivity decreases, the rate of void
formation might be expected to decrease and simultaneously the
occurrence of γ′ denuded zones retarded, thus improving creep prop-
erties [7].
Note that each of the above mechanisms requires the presence
of boron at grain boundaries. However, at this stage it is not clear
whether the improved grain boundary strength can be ascribed to
boron being segregated along the grain boundaries or alterna-
tively incorporated into borides and/or carbides. Table 1 summarises
available studies on the effect of boron in different superalloys
[21–36]. Although one must take care in drawing conclusions par-
ticularly due to the well-known diﬃculty in characterising and
quantifying boron levels, the most common observation ﬁnds boron
to be segregated at grain boundaries, followed by studies support-
ing the presence of intergranular borides. In other studies, both
segregation of boron and precipitation of borides have been ob-
served, whereas the least common observation is the presence of
boron in carbides such as MC and M23C6. What is clear is that ap-
plication of high resolution characterisation techniques will aid in
the rationalisation of the boron effect, and this is the focus of the
present paper.
3. Experimental procedures
The prototype nickel-based polycrystalline superalloy STAL-
15CC investigated in this study has composition as shown in Table 2.
The chemical analysis was conducted in an independent laborato-
ry where the carbon contents were measured using a LECO CS444
analyser and for the other elements the inductively coupled plasma
OES (ICP-OES) method was utilised. In order to investigate the effect
of boron on the grain boundary character, test-bars were cast con-
taining various amounts of boron. In particular, test-bars with no
boron (boron free – BF), low boron (LB – 0.03 at.% B), medium boron
(MB – 0.05 at.% B) and relatively higher boron (HB – 0.08 at.% B)
content were produced. Castings in the form of tapered rods were
prepared at Doncasters Precision Castings Ltd., using casting stock
melted by Ross & Catherall (Sheﬃeld, United Kingdom). Conven-
tional ceramic moulds were used, with additions of cobalt aluminate
in the primary slurry in order to achieve the required grain size. The
use of cobalt aluminate as nucleation catalyst in nickel-based su-
peralloys casting has been thoroughly studied [37]. The ceramic
moulds were de-waxed in a steam furnace for 5 min and then sin-
tered at 1000 °C for an hour, prior to casting. All the castings were
performed under vacuum conditions, where the temperature of the
moulds was approximately 1000 °C.
After conventional casting (CC), a hot isostatic press (HIP) was
used to consolidate the as-cast bars, in order to eliminate
microporosity and improve mechanical properties. The HIP process
was performed at 1195 °C for 5 h under 175 MPa pressure. The
process of HIP was followed by a stage of primary ageing at 1120 °C
for 4 h and a subsequent second stage of ageing at 845 °C for 24 h,
both followed by air-cooling. Thermodynamic calculations using
Thermocalc coupled with the TTNI8 database indicated a γ′ solvus
Table 1
Summary of published studies of boron-containing superalloys, in which boron is claimed to be present either (i) in elemental form at grain boundaries, or (ii) as a boride.
Reference Year Alloy Boron, at.% Solid solution Boride Carbide
Tytko [21] 2012 617B 0.02 Yes No Yes
Hong [22] 2012 Alloy 263 0.015 Yes No No
Alam [23] 2012 (718) WE971/G727 0.059/0.064 Yes No No
Yan [24] 2008 Experimental 0.10 No Yes Yes
Zhang [25] 2008 Rene80 0.065 No Yes No
Zhang [26] 2008 IN738 0.060 No Yes No
Ojo and Zhang [27] 2008 Rene80 0.065 No Yes No
Lemarchand [28] 2002 N18 0.083 Yes No No
Cadel [29] 2002 N18 0.083 No Yes No
Chen [30] 1998 IN718 – Low/High boron 0.006/0.023 Yes No No
Huang [31] 1997 IN718 0.016 Yes No No
Blavette [32] 1996 Astroloy 0.11 Yes Yes Yes
Letellier [33] 1994 Astroloy 0.11 Yes No No
Letellier [34] 1993 Astroloy 0.11 Yes No No
Buchon [35] 1991 NA4 0.09 Yes No No
Delargy [36] 1983 IN939 0.05 No No Yes
Table 2
Summary of chemical compositions of the different STAL15-CC variants investi-
gated in this work (at.%).
Alloy B C Co Cr Mo W Al Ta Hf
Boron free <0.005 0.44 5.50 16.45 0.61 1.26 10.00 2.41 0.02
Low boron 0.03 0.47 5.60 16.43 0.58 1.27 10.11 2.41 0.02
Medium boron 0.05 0.47 5.50 16.55 0.59 1.26 10.09 2.40 0.02
High boron 0.08 0.53 5.53 16.64 0.60 1.21 10.01 2.43 0.02
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temperature of 1148 °C and a solidus temperature of 1233 °C. Note
that the same heat treatment conditions were applied to all four
different alloys.
A JEOL 6500F ﬁeld emission gun scanning electron microscope
(FEGSEM) was used to examine fully heat treated specimens from
all four alloys, examining polished surfaces prepared by mechan-
ical polishing followed by ultrasonic cleaning. Specimens were
observed with back-scattered electron imaging.
Site-speciﬁc samples were prepared for transmission electron
microscopy (TEM) and atom probe tomography (APT) analysis by
Fig. 1. Backscattered SEM images of fully heat microstructures of a) boron free, b) low boron, c) medium boron and d) high boron alloys alongside corresponding descrip-
tive graphs.
690 P. Kontis et al./Acta Materialia 103 (2016) 688–699
using an NVision 40 dual beam FIB. For the TEM observations a JEOL
2000FX was used, whereas the atom probe analysis was per-
formed in a Cameca LEAP 3000X HR instrument operating in laser
mode with pulse rate at 200 kHZ and pulse energy 0.4 nJ. Thermo-
Calc (database TTNI8) and DICTRA (database MOBNI3) were used
for equilibrium phase calculations and kinetics, respectively. The soft-
ware and corresponding databases were provided by Thermo-
Calc Software AB, Stockholm, Sweden.
Finally, NanoSIMS analysis was carried with a CAMECA NanoSIMS
50 for the boron-doped alloys. The samples were mechanically pol-
ished prior to analysis to attain ﬂat surfaces and a 16 keV Cs+ primary
ion beam was used to sputter ions from the sample surface with a
beam current of 1.6–1.9 pA. Prior to each measurement, the surface
was cleaned with a high-current (6–10 nA) primary ion beam to
implant Cs and achieve a high ion yield. The instrument was aligned
to detect the ion species 12C− , 11 12B C− , 11 16 2B O−, and 52 16Cr O− , with
particular care taken to avoid isobaric interferences by turning on
boron and chromium standards. The 11 16 2B O−, signal was chosen in
preference to the 11B− , and 11 16B O−, signals because it gives the
highest signal intensity [38]. Image processing was carried out using
ImageJ software (U.S. National Institutes of Health, Bethesda, MD)
using the OpenMIMS plugin (National Resource for Imaging Mass
Spectrometry, Harvard University, Cambridge, MA).
4. Results
4.1. Observations on grain boundary morphology by electron
microscopy
Using a backscattered detector, SEM images with a strong de-
pendence on the average atomic number Z were obtained.
Backscattered SEM images showing the microstructure of fully heat
treated boron-free, low, medium and high boron alloys are given
in Fig. 1. Careful examination of the contrast variations in these mi-
crostructures reveals the precipitation of γ′ particles and various types
of carbides and the presence of what we will identify below as grain
boundary borides in the boron containing alloys.
Combined SEM and TEM analyses conﬁrmed the precipitation
of inter- and intragranular carbides for all the investigated super-
alloys. These particles exhibit the brightest Z contrast in the
backscattered images and have a cubic structure which corre-
sponds to MC-type carbides; a TEM micrograph of a typical grain
boundary MC carbide is given in Fig. 2. The high Z contrast implies
the partitioning of heavy elements such as Ta and W. The MC car-
bides were found to precipitate at the grain boundaries, exhibiting
an elongated or blocky morphology. By contrast, intragranular MC
carbides havemainly script-like shapes and the occurrence of blocky
carbides is less likely. The shape and morphology of the MC car-
bides were not found to be affected by the boron additions.
Moreover, the backscattered images revealed the precipitation
of particles along the grain boundaries which exhibit the lowest Z
contrast, suggesting the partitioning of light elements such as carbon
and boron. In the case of the boron-free alloy these particles cor-
respond to M23C6-type carbides. However in the boron-containing
alloys these particles have a tetragonal structure which corre-
sponds to M5B3-type boride. A large number of particles in different
boron-doped samples were analysed by TEM without identifying
any intergranular M23C6 carbides. The TEM image and correspond-
ing diffraction pattern from a typical grain boundary region of a
boron-containing alloy are presented in Fig. 3.
Although no M23C6 carbides were found at the grain boundar-
ies of the boron-containing alloys, nano-sized M23C6 carbides were
observed at the vicinity of grain boundaries of boron-containing
alloys. TEM analysis revealed that these M23C6 carbides are coher-
ent with the γ matrix, as illustrated in Fig. 4. They exhibit a plate-
shaped morphology and they are up to 200 nm in length and 30 nm
in thickness. In addition, they are randomly distributed close to grain
boundaries but their presence is not continuous. Similar morphol-
ogy of M23C6 carbides was not observed in the boron-free alloy.
Fig. 2. TEM micrograph of fully heat treated microstructure from a grain bounda-
ry region of high boron alloy showing an intergranular MC carbide.
Fig. 3. TEM micrograph of fully heat treated microstructure from a grain bounda-
ry region of the medium boron alloy. Representative M5B3 borides along the grain
boundary and grain boundary γ′ are illustrated. The grain boundary direction is
denoted by the red arrow. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 4. TEMmicrograph of fully heat treated microstructure of the high boron alloy.
Representative M23C6 carbides and tertiary γ′ in the γ matrix are illustrated.
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Finally, the breakdown of MC carbides particularly in the vicin-
ity of grain boundaries in the boron containing alloys led to the
formation of γ′ particles close to grain boundaries. They exhibit a
relatively larger size compared to secondary γ′ particles precipi-
tated in the grain interiors. At grain boundaries decorated mostly
by borides, these γ′ occur as large discrete particles in the vicinity
of boundaries (Fig. 1(b)). However, when the MC carbides domi-
nate along the boundaries, the grain boundary γ′ particles can form
nearly continuous layers along the grain boundaries, as illustrated
in Fig. 1(d)). It is believed that rupture life and ductility can be im-
proved by enveloping the brittle grain boundary carbides and
therefore retarding crack initiation at high temperatures [39]. Ex-
cessive grain boundary γ′ layers are not observed in the boron-
free alloy.
4.2. Analysis by atom probe tomography
Atom probe tomography (APT) was utilised to investigate in detail
the concentrations of carbon and boron in the grain boundary par-
ticles. Lift-out samples for atom probe analysis were selected
carefully from grain boundary regions for all four different alloys,
as illustrated in Fig. 5. The process followed for the lift-out and spec-
imen preparation is described in Ref. [40]. The selected grain
boundaries contain both the carbides and borides, as identiﬁed in
the SEM and TEM investigations.
Table 3 summarises the compositions of the carbides and borides
as obtained by APT analysis. In order to cover all the investigated
interfaces, we present data for the M23C6 carbides from the boron-
free alloy, since this type of carbide was observed only at this alloy.
The MC carbide dataset comes from a boron containing alloy and
its chemistry is representative for the boron-doped alloys. Finally,
representative borides from boron containing alloys are presented
and discussed. As one of the main focal points of this paper is the
presence of borides in superalloys, we present more than one dataset
containing borides collected from different boron-containing alloys.
Fig. 6(a) is representative of the grain boundary area atom probe
reconstruction from the boron-free alloy, from which information
about the composition of individual γ, γ′ and M23C6 phases can be
extracted. The M23C6 carbides were found to be enriched in chro-
mium, whereas other elements such Mo, W and Ni contribute in
much lower percentages, as given in Table 3. The stoichiometry of
the Cr-rich carbide corresponds toM23C6. In addition, a small amount
of boron (0.5 at.% B) was measured in these M23C6 particles and its
presence is ascribed to impurities in the melt stock.
The grain boundary contained within this reconstruction is at
the γ/M23C6 interface. Proximity histograms, which are elemental
composition proﬁles measured as a function of distance from the
γ/M23C6 interface are presented in Fig. 7(a). A carbon enrichment
at the interface of width approximately 3 nm was observed, indi-
cating that carbon not only participates in the formation of carbides
at grain boundaries but also occurs as segregent to particular in-
terfaces. No enrichment of any other element at the γ/M23C6 interface
was observed by atom probe tomography for the boron-free alloy.
Atom probe samples were also analysed in order to obtain the
composition of the intergranular MC carbides. Fig. 6(b) is an atom
probe reconstruction containing an MC carbide, γ and γ′ phases col-
lected from a boron-containing alloy. The carbide was found to be
Ta-rich and its stoichiometry corresponds to MC-type carbides, con-
ﬁrming the TEM results. Here the grain boundary interface
corresponds to both γ′/MC and γ/MC interfaces and their proxim-
ity histograms are depicted in Fig. 7(b) and (c), respectively. No
signiﬁcant carbon enrichment, as observed for the γ/M23C6 inter-
face in Fig. 7(a), was found at either interface. However, aluminium
segregationwas observed to the γ′/MC interface and to a lesser extent
to the γ/MC interface. In addition, chromium enrichment occurred
at the γ/MC interface.
Fig. 5. Selected grain boundary regions of fully heat treated microstructures of a)
boron free, b) low boron, c) medium boron and d) high boron alloys for atom probe
tomography.
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The SEM and TEM investigations revealed the precipitation of
borides along the grain boundaries of the boron-containing alloys.
Fig. 6(c) and (d) illustrate two representative APT analyses of the
grain boundary region where these borides were identiﬁed. It was
found that these borides are mainly enriched in chromium, and their
stoichiometry corresponds to M5B3 borides, as it can be seen in
Table 3; in excellent agreement with the TEM ﬁndings. In addi-
tion, minor amounts of Mo and W were found within the borides,
and a very small amount of carbon was observed in one of the de-
tected borides.
In both these APT reconstructions (Fig. 6(c) and (d)) the grain
boundary lies at the γ′/M5B3 interfaces. Composition proﬁles across
these γ′/M5B3 interfaces revealed a zone approximately 3 nm wide
enriched in boron, as illustrated in Fig. 7(d) and (e). Similar behaviour
for boron was not observed for any other interface, including γ/γ′
and γ/M5B3. For instance, composition proﬁles across the γ/M5B3 in-
terface are illustrated in Fig. 7(f). Besides the boron enrichment,
higher concentrations of cobalt were found at the γ′/M5B3 inter-
face in both reconstructions. In addition, from Fig. 7(d) and (e) it
can be noticed that there is no carbon segregation at the grain bound-
ary interface in either reconstructions; this will be explained in detail
in the discussion section.
4.3. NanoSIMS analysis
The above results conﬁrm that signiﬁcant quantities of boron exist
in the form of borides at the grain boundaries. However, signiﬁ-
cant questions remain. First, is the location of all the boron explained
in this way, or does the matrix contain some dissolved boron?
Second, can quantitative data be acquired about the size and dis-
tribution of the grain boundary borides? To answer these questions,
NanoSIMS analysis has been utilised, because this technique pro-
vides complementary capabilities, including analytical sensitivity
– which is important for boron analysis at low concentrations – over
larger volume of material compared to that can be studied by APT.
Fig. 8 presents NanoSIMS elemental maps for the boron-
containing alloys. The partitioning of boron into Cr-rich borides along
the grain boundaries is clearly apparent. We did not detect boron
in solid solution in the matrix or segregated at grain boundaries in
any of the investigated boron-containing alloys. Line-scans across
the borides in these NanoSIMS elemental maps show concurrent
partitioning of chromium, boron and small concentrations of carbon,
in excellent agreement with the atom probe datasets, Fig. 9.
Moreover, much of the carbon detected was found to be tied
up by Ta and contributes to the formation of MC carbides. In
Table 3
Chemical composition of carbides and borides as measured by atom probe tomography (at.%).
B C Cr Mo Co Ni W Ta Al
M23C6 0.5 ± 0.01 19.7 ± 0.02 70.4 ± 0.04 2.5 ± 0.02 1.3 ± 0.01 3.6 ± 0.02 2.0 ± 0.01 0.0 0.0
MC 0.3 ± 0.02 49.6 ± 0.18 0.4 ± 0.02 0.2 ± 0.02 0.2 ± 0.02 0.7 ± 0.03 0.2 ± 0.02 48.3 ± 0.18 0.0
M5B3 36.2 ± 0.17 0.0 60.6 ± 0.17 1.1 ± 0.04 0.5 ± 0.02 0.1 ± 0.02 1.4 ± 0.04 0.0 0.0
M5B3 36.6 ± 0.14 0.2 ± 0.02 57.9 ± 0.14 2.3 ± 0.04 0.5 ± 0.02 0.3 ± 0.02 2.2 ± 0.04 0.0 0.0
Fig. 6. SEM micrographs of atom probe tips obtained from various grain boundary interfaces of fully heat treated microstructures alongside atom probe reconstructions; a)
γ/M23C6 (boron free alloy), b) MC/γ′ and MC/γ (high boron alloy), c) γ′/M5B3 (low boron alloy) and d) γ′/M5B3 (medium boron alloy).
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particular, strong carbon signals were found from both intergranu-
lar blocky and elongated and script-type intragranular Ta-rich MC
carbides. As discussed for boron above, segregation of carbon at the
grain boundaries was not observed. Finally, backscattered SEM
images of the areas scanned by the NanoSIMS grain boundaries are
shown in Fig. 10, corresponding to the locations denoted by the red
boxes in Fig. 8. These images allow direct one-to-one correlation
of the contrast levels in the BSE images with the chemical maps in
the NanoSIMS. The darkest contrast is thus clearly from the ﬁne
boride particles along the grain boundary.
5. Discussion
5.1. Grain boundary character
The results presented here demonstrate conclusively that addi-
tions of boron alter substantially the grain boundary character of
polycrystalline superalloys such as STAL-15CC. A boron addition as
little as 0.03 at.% promotes the formation of intergranular M5B3
borides at the expense of M23C6 carbides. Thus, above this thresh-
old the precipitation of borides arises at the grain boundaries; below
Fig. 7. Concentration proﬁles analysis across grain boundary interfaces collected from atom probe tomography (data in Fig. 7); a) concentration of C, Cr and Co at γ/M23C6
interface from the boron free alloy, b) and c) concentration of B, C, Al, Ta and Cr at MC/γ′ and MC/γ interface from the high boron alloy, d) concentration of B, C Al and Co at
γ′/M5B3 interface from the low boron alloy and e) concentration of B, C Al and Co at γ′/M5B3 interface from the medium boron alloy and f) concentration of B, C, Cr and Co
at γ/M5B3 interface from the medium boron alloy. Error less than 0.05 at.%.
694 P. Kontis et al./Acta Materialia 103 (2016) 688–699
it the M23C6 carbide is preferred. The atom probe tomography results
demonstrate that – even below the threshold level and even in a
nominally boron-free variant – trace levels of boron can substi-
tute for carbon in the M23C6, as conﬁrmed in Table 3. Moreover, a
thorough investigation of the γ/M23C6 interface revealed co-
segregation of boron with carbon, as shown in the proximity graph
in Fig. 11. Such boron enrichment at the γ/M23C6 interface has been
observed previously by atom probe tomography in a different nickel-
based superalloy [21].
Moreover, the NanoSIMS results indicate that very little if any
boron is found within the grains away from the grain boundaries.
Thus one can expect the extent of precipitation of borides at grain
boundaries to be controlled not just by the boron content but also
by the average grain size. One can be quantitative about this by es-
timating the boride thickness expected at the grain boundaries as
a function of grain size and mean boron content, on the assump-
tion of its uniform and consistent decoration of them. The results
are given in Fig. 12. It can be seen that – for a given boron content
– the thickness of the boride increases as the grain size increases,
consistent with a decrease in the grain boundary area. The calcu-
lations recover reasonable estimates of the boride thickness normal
to the grain boundary. For example, for a total boron content of
0.05 at.% corresponding to the medium boron variant studied here
and a grain size of approximately 750 μm the boride thickness is
∼50 nm – not very different from that observed.
It is interesting to compare these ﬁndings with observations
reported in the literature. Fig. 13 illustrates the results of our
literature search of published data on a range of superalloys
plotted as boron vs. chromium content, and indicating for each
individual alloy the state claimed for boron either as in solid
solution or as borides. Of course, a degree of subjectivity is intro-
duced via the interpretation needed of the literature. Nevertheless,
a relationship between the chromium and boron contents is
found by plotting contour lines for different values of the solubil-
ity product, k, where k = αCr B Cr B5 3
5 3[ ] [ ] , and αCr B5 3 , is the chemical
potential of Cr5B3. It can be seen that during the design of new
superalloys, for a given Cr level, the boron content can be careful-
ly selected in order to either promote the precipitation of
borides or keep the boron in solid solution at grain boundaries.
Whilst there is not precise agreement with the available experi-
mental data, a suitable value of k can be found which delimits these
two situations.
Fig. 8. NanoSIMS images showing partitioning of C and B at intra- and intergranular carbides and intergranular borides in fully heat treated microstructures of a) low boron
b) medium boron and c) high boron alloys. Red boxes indicate the location of subsequent SEM imaging and red lines indicate the position and direction of the line scans.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Finally, the discreteMC carbides which are usually located at grain
boundaries, form directly from the liquid during solidiﬁcation at tem-
peratures higher than those at which borides start forming. In this
case, a nearly continuous γ′ layer subsequently forms due to MC de-
composition, as illustrated in Fig. 1(d). The role of this complex
morphology on the mechanical properties is controversial. On the
one hand, it is believed that when the brittle MC carbides are en-
veloped within γ′ layers, creep ductility and fracture toughness are
improved. On the other hand, excessive precipitation of these layers
can be catastrophic for the mechanical properties, since they serve
as stress concentration sites at grain boundaries [39]. No boron en-
richment was observed at the MC/γ′ and MC/γ interfaces.
5.2. On the importance of grain boundary character on creep
response
It is important to put the experimental ﬁndings into perspec-
tive by considering the inﬂuence of the grain boundary character
on mechanical behaviour. To do this, a number of creep tests at dif-
ferent temperatures and stresses were designed, in order to correlate
the optimal boron content with the best creep performance for this
superalloy. Fig. 14 illustrates constant load creep performance
for all the investigated alloys at 750 °C/455 MPa. These results
conﬁrm that the modiﬁcation to the grain boundary structure via
alloying with boron is crucial in conferring the necessary high
Fig. 9. Line-scans across the grain boundaries as labelled in the NanoSIMS maps
(see Fig. 8), conﬁrming the precipitation of Cr-rich borides.
Fig. 10. Backscattered SEM images from areas investigated by NanoSIMS. Images
correspond to the red boxes in Fig. 8.
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temperature mechanical properties in this alloying system. The ﬁnd-
ings were similar at different temperatures and applied stresses.
Fig. 15 shows the fracture surfaces of the boron-free andmedium
boron alloys. In the boron-free case, intergranular creep failure is
dominant (Fig. 15(a)), whereas in the medium boron alloy there are
strong indications of a mixed inter- and transgranular failure mech-
anism (Fig. 15(b)). The transition from totally intergranular to mixed
inter- and transgranular failure between boron-free and medium
medium boron alloys implies a dramatic enhancement of grain
boundary strength.
Moreover, Fig. 16 illustrates secondary cracks from sections cut
parallel to stress axis of the boron-free and medium boron alloys.
In the boron-free alloy, the grain boundary exhibits a non-serrated
character. Thus, voids on the incoherent interface interlink and form
a continuous crack path as illustrated in Fig. 16(a). By contrast, for
the medium boron alloy a rather serrated grain boundary charac-
ter is observed as compared to the boron-free case. As a consequence,
Fig. 11. Concentration proﬁles analysis across the γ/M23C6 interface from the boron-
free alloy collected by atom probe tomography (see Fig. 6). Dashed ellipses indicate
the carbon and boron enrichment. Error less than 0.05 at.%.
Fig. 12. Calculated thickness of borides as function of average grain size and boron
content.
Fig. 13. A summary of superalloys plotted in a boron vs. chromium graph indicat-
ing for each alloy whether the boron is in the form of solid solution or borides.
Fig. 14. Creep strain vs. time curve for the investigated alloys.
Fig. 15. Fracture surfaces of creep specimens tested at 750 °C/455 MPa, a) inter-
granular failure of boron free alloy and b) mixed inter- and transgranular failure of
medium boron alloy.
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continuous voids along the grain boundaries are eliminated and creep
performance is enhanced, see Fig. 16(b).
These results conﬁrm that boron rather carbon plays the
dominant role in grain boundary strengthening. The presence
of M23C6 carbides along the grain boundaries of the boron-free
alloy combined with a co-segregation of carbon and boron leads
to the worst creep performance. A signiﬁcant improvement in creep
rupture time is caused by the addition of 0.03 at.% B, due to the
suppression of M23C6 carbides at grain boundaries by the precipi-
tation of borides. Further addition of boron results in the precipitation
of a higher volume fraction of borides; thereby, the medium boron
alloy performs the best in terms of creep rupture time, for this
particular set of conditions. But excessive boron – as in the high
boron alloy – adversely affects creep resistance and results in the
shortest creep rupture time yet it performs remarkably better
than the boron-free alloy. From the above, it becomes readily ap-
parent that beyond a critical volume fraction of borides precipitating
at grain boundaries, their beneﬁcial effect on creep properties is
lost.
Finally, it may be true that the observed γ′ layers at grain bound-
aries in the boron-containing alloys have a further concomitant role
on the improve of creep performance, by hindering crack initia-
tion at grain boundaries. MC carbides at grain boundaries enveloped
within γ′ layers were limited in the case of the boron-free alloy, thus
suggesting that a higher number of crack initiation sites is present
as compared to the boron-containing alloys. Hence, it is suggested
that a reduction of carbon content may further improve the creep
properties of STAL-15CC.
5.3. Grain boundary chemistry
Based on the atom probe analysis of the grain boundary inter-
faces, some further comments can be made concerning the possible
role of grain boundary diffusion. It is suggested that boron affects
the diffusion of carbon along the grain boundaries. A high carbon
concentrationwas found only at the grain boundary interface γ/M23C6
in the boron-free alloy, with concomitant boron segregation.
However, in the presence of higher boron concentrations in the bulk
material, carbon enrichment is suppressed and high boron con-
centrations dominate at grain boundary interfaces, such as the γ′/
M5B3 interfaces in the boron-doped alloys, Fig. 7(d) and (e).
This can be at least partially explained by the much higher mo-
bility of boron compared to that of carbon. Whilst estimates of grain
boundary mobilities are not well known, consider the calculated
tracer diffusivity for boron and carbon in γ matrix, based on the
MOBNI3 database [41], see Fig. 17. Clearly, boron can be expected
to diffuse more quickly than carbon. This fact, combined with the
higher amounts of boron in the boron-containing alloys, may lead
to grain boundary sites being occupied primarily by boron, thereby
hindering carbon segregation at the grain boundaries. These ob-
servations can be correlated directly with the occurrence of nano-
sized M23C6 carbides in the grain rather than at the grain boundaries
of the boron-containing alloys.
Furthermore, the morphologies of particles at grain boundar-
ies can be altered due to the higher mobility of boron in γ matrix.
For instance, when boron diffusion dominates, it can result in grain
boundaries being decorated only with Cr-rich borides, as can be seen
for instance in Fig. 1(b). These effects may play a role in the mech-
anism of boride precipitationwhich so obviously inﬂuences the creep
performance of this system.
6. Summary and conclusions
In this paper, detailed high resolution characterisation has been
carried out of grain boundaries in boron-containing and boron-
free versions of a new nickel-based superalloy which is being
designed for power generation applications. The following specif-
ic conclusions can be drawn:
• In the boron-free case, carbides are prevalent at the grain bound-
aries. Scanning electronmicroscopy and atom probe tomography
conﬁrm the presence of Cr-rich M23C6 and Ta-rich MC carbides.
• When boron is absent, atom probe tomography has detected a
C-enriched zone of approximately 3 nm at the grain boundary
interface γ/M23C6. Trace boron levels were found to co-segregate
Fig. 16. Backscattered SEM images of the creep specimens tested at 750 °C/
455 MPa showing secondary cracks in a) boron free and b) medium boron alloys.
Dark areas at the grain boundaries indicated by arrows correspond to cracks in the
medium boron alloy; the rest dark areas correspond to intergranular borides. Stress
axis along perpendicular axis.
Fig. 17. DICTRA calculations of boron and carbon tracer diffusivity in γ phase, based
on the mobility database MOBNI3.
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with carbon at the γ/M23C6 interface. Very little boron was found
dissolved in the M23C6.
• In the boron-containing alloys, borides rather than carbides are
prevalent at the grain boundaries. Transmission electron mi-
croscopy and atom probe tomography conﬁrm the precipitation
of Cr-rich M5B3 borides at grain boundaries.
• Atom probe analyses shown a B-enriched zone of approximate-
ly 3 nm at the γ′/M5B3 interface for all the boron-doped alloys.
Carbon enrichment is suppressed by higher amounts of boron,
combined with the higher boron mobility in γ compared to
carbon. Such behaviour was not observed for any other type of
interface.
• Segregation of boron or carbon was not detected at the MC/γ and
MC/γ′ grain boundary interfaces. These interfaces are the least
desirable due to their low cohesion.
• Nano-SIMS mapping conﬁrms that the majority of the boron in
the boron-containing alloys is indeed present in the form of Cr-
rich M5B3 borides, and not in bulk solid solution.
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